TOMOGRAPHIC IMAGING TYPES
Tomographic imaging is a technique that reconstructs the internal distribution of an object in terms of a physical parameter and presents it as an image with a gray or color scale for easy visualization. Instead of a single-point measurement, it offers a unique imaging method to the oil, chemical, pharmaceutical, and food industries to visualize industrial processes, without invading the pipes and vessels, and provide valuable information for control and optimization. Since the concept of tomographic imaging was put into practice in the 1970s [1] , [2] , there has been significant development in tomography instruments based on X-ray, c ray, magnetic resonance (MR) optical, positron emission, ultrasound, electrical resistance, electrical capacitance, electromagnetic induction, and microwaves [3] , [4] . Among them, X-ray and MR tomographic imaging instruments, which are often known as X-ray computed tomography (CT) and MR imaging (MRI), respectively, have been widely used in the medical sector. X-ray CT, MRI, and optical tomography can all produce images of high spatial resolution. However, X-ray CT is only applicable to the imaging of objects with large density contrast. MRI is solely useful for imaging objects that contain water or hydrogen atoms. Optical tomography is applicable only to optically transparent substances or gases where optical attenuations are measureable. X-ray, MRI, and optical instruments are all bulky and have therefore not been used in industrial imaging. Positron emission and c-ray imaging techniques can also produce highresolution images, but both involve the use of radiative tracer particles or ionizing radiation. They are therefore not suited to the industrial environment.
On the other hand, electrical resistance tomographic (ERT) and electrical capacitance tomographic (ECT) techniques have been applied to the imaging of industrial processes either in vessels or pipelines. ERT and ECT instruments are generally portable, but both have their application limitations. ERT is based on resistance measurements and is only applicable to the imaging of conducting substances. ECT is based on capacitance measurement and is only applicable to the imaging of nonconducting substances. Similarly, electromagnetic induction tomography (MIT) is applicable to the imaging of ferrous substances or conducting media. The images produced by ERT, ECT, and MIT are of low spatial resolution. Ultrasound tomography is applicable to the imaging of substances with good acoustic properties, which usually involves liquids or solid-liquid mixtures. The images produced by ultrasound tomography are also of low spatial resolution.
Compared to the tomographic imaging techniques mentioned previously, microwave tomography is based on the measurements of the scattered electromagnetic fields produced by an object, and it generates images of dielectric properties. The development of microwave tomography systems can be dated back to the late 1970s and early 1980s [5] , [6] . Since then, there have been a significant number of papers published in the literature on the subject. The achievements, difficulties, and challenges in the development of microwave tomographic imaging techniques, algorithms, and systems from 1980 to 2010 have been reviewed in the article by Bolomey and Jofre [7] . Eighty-four key publications on the subject during the period were cited in that article and are not repeated here; see [7] for further information.
During the past three decades, most microwave tomography research has focused on medical and biomedical applications [8] - [30] . Only a limited number of publications have been on microwave tomography for nonmedical applications [31] - [41] , but these are increasing. Recent advances and new challenges in microwave tomographic imaging have been highlighted in [4] , particularly the aspect of real-time microwave tomography systems for industrial process monitoring applications.
Microwave tomography for industrial imaging has requirements different from those for medical imaging. In addition to spatial resolution, high temporal resolution or real-time imaging is also important for fast-changing processes, such as multiphase flows. Depending on the specific application, quantitative imaging and qualitative imaging are both needed. The former may be sufficient in many applications for displaying distributions, patterns, or shapes. The latter would be more informative, giving images with quantitative dielectric contrast or permittivity values from which other physical parameters, such as density, moisture content, and phase fraction, may be derived. We aim to demonstrate the capability of a microwave tomography system for industrial applications but not to emphasize a new method or algorithm for image reconstruction.
THE MICROWAVE TOMOGRAPHY IMAGING SYSTEM
The basic principle of microwave tomography is to reconstruct the image of an object in terms of dielectric properties, such as dielectric constant r f or dielectric contrast s, from the data of the scattered microwave field measured around the object with microwaves incident from different angles, creating multiple views of the object. To perform microwave tomographic imaging requires the hardware for multiview data acquisition and image display and the technique for image reconstruction [4] . The
Microwave tomography for industrial imaging has requirements different from those for medical imaging. , , , , t m t m obj meas inc meas are the total electric fields in the presence and absence of the object, respectively. The system is therefore first calibrated with 240 transmit-receive measurements in the absence of the object. Due to the reciprocity, only one-half of the 240 transmit-receive combinations are independent. These measured scattered electric fields are used as the experimental data for image reconstruction.
TECHNIQUE FOR SOLVING THE FORWARD-SCATTERING PROBLEM
The microwave scattering by the object is generally a threedimensional (3-D) scattering problem [42] - [44] . However, for simplicity, a two-dimensional (2-D) approximation is adopted [45] , [46] . In the 2-D model, the object is assumed to have no variation in its relative dielectric permittivity r f along its axis, and the antennas are modeled as line antennas. When the tth antenna radiates, all other antennas are considered to be absent. In addition, the object is considered to have a circular cross section, and its diameter is taken as a priori knowledge. The 2-D model is a compromise between the accuracy and computation time in solving the forward-scattering problem or a compromise between the image quality and temporal resolution in solving the inverse scattering problem, which are both important for industrial process imaging.
In the 2-D model, the scattered electric field at any point r on the cross section of the object, i.e., , X located on the same cross-sectional plane as the antenna due to the presence of the object, can be expressed as described in [42] and [47] as
where the subscript t indicates the radiation from the tth antenna, rl is a point on , 
and Zmnl is given by 
Hence,
and
Assuming the distribution of dielectric contrast snl is known, the calculated scattered electric field at the position of the mth receiving antenna for the tth transmitting antenna would be , E , , t m s which corresponds to the measured data E , , t m s meas with , , , t T 1 2 f = and , , , . m M 1 2 f = A study of a dielectric object with a uniform r f changing from two up to 90 shows that the numerical solution would be accurate only if the diameter of the discretized cells, i.e., , 2anl is less than one-tenth of the wavelength in the dielectric object mf h [48] , indicating that the number of cells should be at least 100 per # m m f f area. It should be noted that an accurate forward solution is very important in an iterative method for solving inverse problems, particularly in high-contrast cases.
TECHNIQUE FOR SOLVING THE INVERSE-SCATTERING PROBLEM
To date, there have been a good number of algorithms developed for tomographic image reconstruction, including both Born-based methods and iterative methods [8] , [42] , [49] - [61] . Iterative image reconstruction algorithms based on the Gauss-Newton method [52] , the Newton-Kantorovich method [50] , [51] , the quasi-Newton method [53] , the conjugate gradient method [60] , [61] , and the sequential quadratic programming method [55] have all been applied in microwave tomography. All have different complexity, give different rates of convenience in the iterative process, produce images of different qualities, and have different levels of sensitivity to the quality of data. Some comparisons among the methods have been made in [54] and [55] . For practical applications, a compromise between the factors may need to be made. An improved Newton-Kantorovich method is described next. The method is chosen for simplicity and effectiveness. Other methods previously mentioned may also be used.
CONVENTIONAL NEWTON-KANTOROVICH METHOD
With the consideration of a small increment in the dielectric [50] , [51] , the differentiations of (4) and (6) lead to two incremental equations, respectively:
Eliminating
As Zmn t l 6 @ and Z n t n l 6 @ depend on the geometrical structure of the system setup, (12) indicates that any difference in the calculated scattered electric field from its measured value is directly linked to the error in the calculated electric field inside the object. Equation (12) could be rearranged to
Equation (13) shows the amount of correction required in the internal electric field to meet the difference between the calculated and measured electric fields. With the approximation of
in the conventional Newton-Kantorovich method [50] , [51] , it can be shown that
with [ ] I being the unit matrix. Equation (15) shows the relation between the variation of the dielectric contrast and that of the scattered electric field or the resulting difference in the scattered electric field from the error in the dielectric contrast for each transmitting antenna , , , .
would need to be added to form a new approximate solution of s at step ,
at the kth iteration can be found from
where 
Equation (18) is generally ill posed. It may be solved using various methods, including singular value decomposition and the Lavenberg-Marquardt (LM) method [62] . The application of the LM method [51] , [52] , [62] with Tikhonov regularization [63] leads to the solution
with
where D sk @ However, the difference between the calculated and measured scattered electric fields in (13) indicates that a better approximation to the calculated scattered electric field would be
Hence, the accuracy of D sk t h 6 @ and the speed of reconstruction could be improved by replacing it with
The improved Newton-Kantorovich method gives an alter-
The application of the LM method [62] with Tikhonov regularization [63] again leads to the solution
where D sk
@ is the conjugate transpose of . D sk 1^h 
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@ The improved Newton-Kantorovich method is an iterative approach. The relative dielectric permittivity of the background medium is chosen as the initial guess. The iterative process is set to terminate when
The improved Newton-Kantorovich method is suitable for both low-and high-contrast cases. However, the rate of convergence becomes slower as the contrast increases. The iterative process may also become divergent when the data contain high noise. In this case, the iterative process may be terminated after a small but fixed number of iterations. Such enforcement would generally lead to qualitative imaging reconstruction only. Its improvement over the conventional Newton-Kantorovich method can be seen from the theoretical study shown in Figure 2 for the image reconstruction of a typical dielectric object with a diameter of 10 cm and uniform . 2 r f = Qualitative reconstruction may be made in several iterations, which may be sufficient for some applications.
EXAMPLES OF INDUSTRIAL PROCESS IMAGING
In this section, some potential applications of microwave tomography for industrial process imaging are illustrated. This is demonstrated experimentally using several practical imaging examples. As the substances involved have low conductivity or dielectric losses, the dielectric contrast and relative permittivity are dominated by real parts. Hence, only real-value images are presented. As a result of 2-D approximation, the images obtained represent the average dielectric properties in the axial direction in the case that there is an axial variation.
IMAGING OF A GRANULE SUBSTANCE IN DIFFERENT FLOW PATTERNS
One application of the microwave tomography system is the imaging of solid or granule flows in a pipeline. Pneumatically conveyed solid or granule flows often occur in food, chemical, and pharmaceutical industries and also in coal-fired power plants. Figure 3 shows the imaging of granules in three typical flow patterns. The granule substance is statically placed in a circular plastic pipe of 15-cm diameter. It is made of dry corn granules of sizes between 500 and 2,000 m n and water by means of weighing and mixing to obtain the required moisture of m w = 15% in weight. The dielectric constant of dry corn granules has a typical value of 1.8 [64] , while the dielectric constant of the wet corn granule substance depends on its moisture, which may be estimated using mixing formulas with 80
, [66] . Dielectric properties of grains and agricultural products may also be found in the work by Nelson et al. [67] - [69] .
The first flow pattern has a flat boundary between the granule substance and air, as shown in Figure 3 shown in Figure 3(b) , where s(m w = 15%) is the dielectric contrast of the formulated granule substance with a moisture content of m w = 15%. By choosing the normalized dielectric contrast function to plot, the variation of the dielectric property is mapped to the range between zero and unity. In Figure 3(b) , the reconstructed area of granule substance is represented in red with a normalized dielectric contrast of unity, and the area of air is represented in blue with a normalized dielectric contrast of zero. The tilt angle can be clearly seen from the reconstructed image. The second flow pattern has the granule substance (red) distributed at the center of the pipe and surrounded by air (blue), as shown in Figure 3(c) . Its corresponding reconstructed image in terms of s/s(m w = 15%) is shown in Figure 3(d) . The concentration of the granule substance toward the center of the pipe can be seen from the image, but the center of the granule concentration is slightly off the center of the pipe. This deviation from the model reflects the actual position of the granules in the experiment. The third flow pattern has a large air bubble column (blue) embedded in the granule substance, which occupies a majority of the pipe cross section, as shown in Figure 3 (e). The reconstructed image of the flow pattern in terms of s/s(m w = 15%) is shown in Figure 3 (f). The position and size of the air bubble can be seen from the reconstructed image. These examples show that qualitative imaging of flow patterns may be made using the microwave tomography system.
IMAGING OF GRANULE SUBSTANCES WITH DIFFERENT MOISTURE CONTENTS
A further investigation includes different granule substances. Figure 4 shows the imaging of corn granule substances of different moisture contents with the flat granule-air boundary model, as shown in Figure 4 s(m w = 20%), and s(m w = 30%) are the dielectric contrasts of the formulated granule substances with moisture contents of m w = 10%, m w = 20%, and m w = 30%, respectively. In each image, the reconstructed area of its corresponding granule substance is shown in red with a normalized dielectric contrast of unity, and the area of air in blue with a normalized dielectric contrast of zero. The tilt angle can be seen from all three reconstructed images. However, the reconstructed image for m w = 30% has a slightly larger tilt angle. This difference from the model reflects the actual position of the granule substance at the experiment. It also shows the effectiveness of the microwave tomography system in differentiating the angular variation of the object being imaged as well as the dielectric contrast. Figure 5 shows the imaging of corn granule substances with moisture contents of m w = 10, 20, and 30% with a distribution model shown in Figure 5 Figure 5(b), (c) , and (d) shows that, as the moisture content increases, the relative permittivity increases, which is clearly seen in the figure. The capability of the microwave tomography system as a tool for qualitative imaging is again illustrated.
Should the effective relative constant values of the granule substances be obtained from the images in Figure 5(b)-(d) to provide quantitative imaging, the value for m w = 10% is approximately 2.22, and those for m w = 20 and 30% are approximately 2.44 and 2.67, respectively. Their corresponding values from the corn-water two-substance mixing formula are 2.4, 3.4, and 4.7, respectively [65] , [66] . The differences come from at least three sources: 1) the system's error in providing accurate relative dielectric constant values, 2) an error resulting from the approximation of the mixing formula, and 3) that the object is not a corn-water two-substance mixture but a corn-water-air three-substance mixture, where the air voids can contribute to make the effective dielectric constant lower. While the exact sources of error are uncertain, from the engineering point of view, the imaging in Figure 5 (b)-(d) can be taken as calibrations or the system learning to establish an experimental relation between the appearing dielectric constant and moisture content for this specific application, as shown in Figure 6 . This curve would be sufficient to monitor the moisture content of corn granules in a drying process from the images obtained and estimate its moisture content in the range between 30 and 0%. For qualitative imaging, the characteristics of flow can be observed from these images. For quantitative imaging, the density of the powder flowing in the pipe could be estimated from the dielectric contrast shown in the image. It is noted that both flow pattern and quantity are important for industrial process control and optimization.
IMAGING OF POWDER FLOW IN A PIPE

IMAGING OF A SUBSTANCE WITH STATE CHANGE
Some of the industrial processes may involve a substance that changes its physical state during the process. The physical state may change from solid to liquid, liquid to gas, or vice versa as temperature or pressure varies. To demonstrate the observation of state change of a substance, a cylindrical ice column of 3-cm diameter, shown in Figure 8 Figure 8(k) shows that the ice has melted almost completely, and water occupies a major area of the pipe cross section above the bottom with an ice-water mixture on the remaining area. Figure 8(l) shows that the ice melts completely after 12 h.
DISCUSSION AND CONCLUSIONS
During the past three decades, there has been significant development in microwave tomographic imaging techniques, algorithms, and systems for medical scanning and industrial process monitoring applications. In this article, we focus on the investigation of the latter. For medical imaging, to achieve high image quality or spatial resolution is the ultimate aim. The reconstruction time is of secondary importance. However, for industrial process imaging, high image quality and high temporal resolution are equally important, particularly for applications involving high-speed processes, flows, or rapid reactions, even though a compromise between them may sometimes need to be made. Although the reconstructed images may be presented in colors with their corresponding quantitative dielectric contrast or permittivity values, qualitative images showing the distributions, patterns, or shapes may be sufficient in many applications. Quantitative images would, of course, be more informative, and other physical parameters, such as density, moisture content, and phase fraction, may be further derived from them.
As a result of the development in microwave electronics in recent years, a microwave tomography system could be designed that is portable and produces high-quality images in real time for process-monitoring applications in the oil, chemical, pharmaceutical, and food industries. Example applications of the microwave tomography system for the imaging of granule substances, powder flow, and state change of ice to water have demonstrated the potential of technology for these applications. As with other imaging modalities, it is envisaged that microwave tomography as a technique or a system will increasingly find its way into processing, manufacturing, packaging, and other industrial sectors in the years to come to improve product quality, efficiency, and productivity, coupled with the new developments in the Internet of Things, Industry 4.0 in Europe, and China's Made-in-China 2025 Initiative.
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